Mitochondrial outer-and inner-membrane fusion events are coupled in vivo but separable and mechanistically distinct in vitro, indicating that separate fusion machines exist in each membrane. Outer-membrane fusion requires trans interactions of the dynamin-related GTPase Fzo1, GTP hydrolysis, and an intact inner-membrane proton gradient. Inner-membrane fusion also requires GTP hydrolysis but distinctly requires an inner-membrane electrical potential. The protein machinery responsible for innermembrane fusion is unknown. Here, we show that the conserved intermembrane-space dynamin-related GTPase Mgm1 is required to tether and fuse mitochondrial inner membranes. We observe an additional role of Mgm1 in innermembrane dynamics, specifically in the maintenance of crista structures. We present evidence that trans Mgm1 interactions on opposing inner membranes function similarly to tether and fuse inner membranes as well as maintain crista structures and propose a model for how the mitochondrial dynamins function to facilitate fusion.
INTRODUCTION
Mitochondria are complex organelles that undergo division and fusion. These opposing events function in cells to create a connected, functional, and responsive compartment. Proteins required for mitochondrial division and fusion have been characterized primarily in S. cerevisiae (Meeusen and Nunnari, 2005; Okamoto and Shaw, 2005; Osteryoung and Nunnari, 2003; Shaw and Nunnari, 2002) . Studies in mammalian cells have shown that orthologs of most of these proteins exist, indicating that the mechanisms underlying mitochondrial dynamics are highly conserved . Mitochondrial division and fusion proteins also have been shown to play critical and intimate roles in the regulation of apoptosis, underscoring the importance of mitochondrial dynamics in cellular homeostasis (Youle, 2005) .
The mechanism of mitochondrial fusion poses a unique problem because the mitochondrion is a double-membrane organelle (Meeusen and Nunnari, 2005) . In vivo studies indicate that outer-and inner-membrane fusion are linked, raising the question of how these two sets of compositionally distinct membranes are coordinately fused. In addition, mitochondrial fusion with other organelles is not observed, and key secretory-fusion components such as SNAREs are not required. Thus, mitochondrial fusion evolved independently and distinctly from SNARE-dependent membrane fusion.
In yeast, three proteins are essential for mitochondrial fusion: the outer-membrane proteins Fzo1 and Ugo1 and the inner-membrane protein Mgm1 (Meeusen and Nunnari, 2005) . At steady state, Mgm1 exists in two roughly stoichiometric forms created by two successive biosynthetic proteolytic processing events. Cleavage by the matrix metalloprotease generates a membrane-bound long Mgm1 isoform, and an additional cleavage event by the inner-membrane rhomboid protease creates a more soluble, short Mgm1 isoform that lacks the amino-terminal-region inner-transmembrane domain (Esser et al., 2002; Herlan et al., 2003; McQuibban et al., 2003) . Both long and short forms of Mgm1 are important for mitochondrial fusion in vivo, indicating that they function together in this pathway (Herlan et al., 2004; Sesaki et al., 2003a) .
Both Fzo1 and Mgm1 are highly conserved dynaminrelated proteins (DRPs), which are large self-assembling GTPases that regulate membrane dynamics in a variety of cellular processes. DRPs contain three hallmark domains: a GTPase domain, a middle domain, and a C-terminal assembly or GTPase effector domain (GED) (Hinshaw, 2000; van der Bliek, 1999) . These domains have been shown to cooperate via intramolecular and intermolecular interactions to promote the self-assembly of higher-order filamentous and spiral-like DRP structures, which are thought to be responsible for the ability of DRPs to remodel membranes (Hinshaw, 2000; Ingerman et al., 2005; Sever et al., 2000) .
Defects in mitochondrial fusion in human cells resulting from mutations in human orthologs of the fusion DRPs Mfn2 (Fzo1) and OPA1 (Mgm1) cause two distinct neurodegenerative diseases, Charcot-Marie-Tooth (CMT) and dominant optic atrophy (DOA), respectively (Alexander et al., 2000; Delettre et al., 2000; Zuchner et al., 2004) . The molecular etiologies of these diseases are not known. Thus, insight into the underlying causes of these diseases is dependent on a mechanistic understanding of the roles of Fzo1/Mfn1 and 2 and Mgm1/OPA1 in mitochondrial fusion.
The recent reconstitution of mitochondrial fusion in vitro has allowed us to demonstrate that mitochondrial outerand inner-membrane fusion events are separable and mechanistically distinct (Meeusen et al., 2004) . Energetically, outer-membrane fusion requires hydrolysis of guanosine 5 0 triphosphate (GTP) and a proton gradient across the inner membrane. In contrast, inner-membrane fusion requires an inner-membrane electrical potential. We have also determined that Fzo1 is required for outer membranes to fuse (Meeusen et al., 2004) . Consistent with our observations, Mfn1 and Mfn2 have been shown to form heterotypic and homotypic complexes capable of tethering outer membranes (Ishihara et al., 2004) . In addition, the C-terminal coiled-coil regions of Mfn2 form an antiparallel structure, suggesting a molecular mechanism for outer-membrane tethering prior to fusion (Koshiba et al., 2004) . In contrast, the machinery responsible for mitochondrial inner-membrane tethering and fusion remains unknown.
To determine the mechanism of inner-membrane fusion, we examined the role of the inner-membrane-associated conserved DRP Mgm1. We show that Mgm1 directly functions to tether and fuse mitochondrial inner membranes. Our analysis also indicates that Mgm1 plays an additional role in inner-membrane dynamics, specifically in the maintenance of crista structures. Based on our data, we postulate that trans Mgm1/Mgm1 interactions generated from opposing inner membranes function to promote innermembrane fusion and to form and maintain crista structures. Our findings demonstrate that Mgm1 plays a role distinct from Fzo1 in fusion and thus provide a new perspective as to why mutations in the human fusion proteins Mfn2 and OPA1 cause different neurodegenerative diseases.
RESULTS

Mgm1 Is Required to Promote Fusion of Mitochondrial Inner Membranes In Vitro
To identify Mgm1's role in mitochondrial fusion, we used a previously characterized collection of recessive, hypomorphic mgm1 ts mutants that each possess a point mutation that maps to the Mgm1 GTPase domain or GED (see Table S1 in the Supplemental Data available with this article online) (Wong et al., 2000 (Wong et al., , 2003 . In vivo, mitochondria are tubular in these mutants at permissive temperature (23 C) and rapidly fragment at nonpermissive temperatures (34 C-37 C) because fusion is attenuated and mitochondrial division continues (Wong et al., 2000 (Wong et al., , 2003 . We isolated mitochondria from strains harboring mgm1 ts alleles and assayed fusion activity using an in vitro fluorescence-based mitochondrial content-mixing assay (Meeusen et al., 2004) . Specifically, homoallelic reactions of mgm1 ts mitochondria labeled with either matrix-targeted dsRed (m-dsRed) or matrix-targeted GFP (m-GFP) were mixed, and fusion of mitochondrial outer and inner membranes was assessed by matrix content mixing, reflected by the colocalization of m-GFP and m-dsRed in a single matrix compartment ( Figure 1A ). We observed that homoallelic mgm1 ts reactions possessed fusion activity at permissive temperature ( Figure 1C , gray bars) and were severely compromised for fusion at nonpermissive temperature (compare Figure 1Ba to Figures 1Bb and 1Bc; Figure 1C , black bars).
We have shown previously that, under different experimental conditions, outer-and inner-membrane fusion events are separable in vitro (Meeusen et al., 2004) . Efficient fusion in vitro requires that mitochondria are combined, centrifuged, and incubated (stage 1 0 ) prior to resuspension in the presence of exogenous GTP and an energy regeneration system (stage 2). When stage 1 0 mitochondria are resuspended in the absence of energy (stage 1), an outer-membrane-fused intermediate is formed (Meeusen et al., 2004; Figure 2) . In contrast, when stage 1 0 mitochondria are resuspended in the presence of exogenous GTP and an energy regeneration system (stage 2), both outer and inner membranes fuse (Meeusen et al., 2004; Figures 1A and 1B, white arrowheads) . By fluorescence microscopy, outer-membrane-fused intermediates appear as tightly juxtaposed m-dsRed-and m-GFP-labeled mitochondria that are deformed against each other (Figure 2A) . Negative-stain electron microscopy (EM) demonstrated that stage 1 deformed mitochondria are outermembrane-fused structures that have a continuous outer membrane that encapsulates tightly opposed mitochondrial inner membranes that belong to separate matrices (Meeusen et al., 2004) . We define the intersection of these matrices as interfaces ( Figure 2A , white shading). Stage 2 conditions cause a decrease of deformed intermediates and a corresponding increase in mitochondria with matrix compartments containing mixed m-dsRed and m-GFP, indicating that they are productive intermediates in the fusion pathway (Meeusen et al., 2004) .
To determine whether Mgm1 functions in outer-and/or inner-membrane fusion, we quantified deformed intermediates using fluorescence microscopy in homoallelic mgm1 ts reactions. We observed deformed mitochondria in both wild-type and all mgm1 ts reactions under stage 1 conditions (data not shown). In contrast to wild-type reactions, however, we observed a dramatic increase in the number of deformed structures under stage 2 conditions, specifically at nonpermissive temperature, where fusion is blocked ( Figure 2B ). These observations suggest that mgm1 ts mitochondria are competent for outer-membrane fusion. To directly test whether Mgm1 plays a role in outermembrane fusion, we assayed homoallelic mgm1 ts reactions using a fluorescence-based outer-membrane fusion assay in which mitochondria labeled with the outer-membrane marker OM45GFP and m-dsRed were mixed with mitochondria labeled with m-BFP and resuspended under stage 1 conditions (Meeusen et al., 2004 ; Figure 3A ). Significantly, mitochondrial outer-membrane fusion was observed at levels similar to wild-type in all of the homoallelic mgm1 ts mutant reactions under stage 1 conditions (Figures 3B and 3C) . Under stage 2 conditions, however, and in contrast to wild-type reactions, OM45GFP-labeled mitochondria containing mixed m-dsRed and m-BFP were virtually absent in mgm1 ts reactions ( Figure 1B ).
Taken together, these findings indicate that Mgm1 function is required for inner-but not outer-membrane fusion. Interestingly, under stage 2 conditions at nonpermissive temperature, we also observed that mgm1 ts reactions uniquely contained complex structures that were likely products of multiple rounds of outer-membrane fusion ( Figure 3D ). To analyze these complex structures, we characterized stage 2 mgm1 ts reactions using EM analysis ( Figure 3E ). In comparison with wild-type reactions, mgm1 ts reactions contained relatively abundant mitochondria with outer membranes encapsulating several matrix compartments (Figures 3D and 3E ; Table S2 ). By fluorescence microscopy, many of the complex mgm1 ts deformed structures contained matrix compartments of different input fluorophores, demonstrating that they are products of outer-membrane fusion, as opposed to inner-membrane fission ( Figure 3D ). Multiple rounds of outer-membrane fusion in mgm1 ts mitochondria may result from stage 2 conditions, specifically, exogenous GTP and an energy regeneration system. It is also possible that, in wild-type mitochondria, a form of negative regulation exists to prevent multiple rounds of outer-membrane fusion when inner-membrane fusion is blocked and that this regulation is compromised in mgm1 ts mitochondria.
In this context, it is interesting to note that reactions containing different mgm1 ts alleles accumulated varied numbers of multimatrix-containing structures (data not shown). Taken together, these in vitro assays have established that the primary defect in mgm1 ts mitochondria is in the ability to fuse inner membranes, in contrast to fzo1 mitochondria, which are defective in outer-membrane fusion (Meeusen et al., 2004) . In contrast, a previous in vivo study of mgm1 null cells reported that defective outer-membrane fusion caused the mitochondrial fusion defect. Our data suggest that the defect in outer-membrane fusion in vivo is a secondary consequence of loss of Mgm1 function (Sesaki et al., 2003b) . It is also possible that in vivo, innerand outer-membrane behavior is more tightly coupled. In Vivo, the Primary Phenotype in mgm1 ts Cells Is an Accumulation of Inner-Membrane Interfaces To test the primary role of Mgm1 in vivo, we used EM analysis of mgm1-5 yeast cells to determine the initial mitochondrial phenotype (or phenotypes) associated with loss of Mgm1 function. This allele was chosen because mgm1-5 cells exhibit the greatest and most rapid phenotypic change upon shifting to the nonpermissive temperature (Wong et al., 2000 (Wong et al., , 2003 . By both fluorescence and EM analyses, under permissive conditions, mitochondria in mgm1-5 cells appeared indistinguishable from wildtype mitochondria, which are tubular structures containing cristae ( Figure 4A ). At nonpermissive temperature, the first phenotype detected by EM was an inner-membrane defect: Specifically, mitochondria containing two opposing and separate matrices encapsulated by a single, continuous outer membrane were observed, in which adjacent inner membranes were only loosely associated (Figures 4B and 4C; Table S3 ). These structures were observed after exposure of mgm1-5 cells to restrictive temperature for 5 min and were easily detectable, indicating that they were relatively abundant. After 20 min of exposure, we observed that these structures became less abundant, and mitochondria containing more tightly aligned inner-membrane interfaces were detected, suggesting that, although inner-membrane fusion is blocked, inner-membrane tethering occurs (Figures 4D and 4E;  Table S3 ). Indeed, these structures are identical to outermembrane-fused structures that accumulate in vitro in wild-type mitochondria under stage 1 conditions (Meeusen et al., 2004; Figure 3 ). In addition, both EM phenotypes in mgm1-5 cells preceded mitochondrial fragmentation observed by fluorescence microscopy. At later times of exposure to nonpermissive temperature, after mitochondrial fragmentation had occurred, mitochondria with more complex internal morphologies were observed, consistent with previous EM observations of mitochondria in mgm1 null cells ( Figure S1 ) (Sesaki et al., 2003b) . Significantly, these mitochondrial defects in mgm1-5 cells were also observed in other mgm1 ts alleles but were absent from wild-type and fzo1 ts cells under nonpermissive conditions (Table S3 and data not shown). These data indicate that the primary role of Mgm1 in vivo is to promote inner-membrane fusion, confirming our conclusions from in vitro data. Our in vivo observations also document a temporally distinct mitochondrial inner-membrane tethering event. From our analysis, the reported defect in outermembrane fusion in mgm1 null cells is likely an indirect and secondary phenotype caused by deficient innermembrane fusion.
Mgm1 Acts on Both Partners to Promote Fusion of Mitochondrial Inner Membranes
To determine the mechanism of Mgm1-dependent innermembrane fusion, we assayed reactions containing a heteroallelic mixture of mgm1 ts mitochondria and wildtype mitochondria. Significantly, we observed that in heteroallelic mgm1 ts reactions, mitochondrial fusion is substantially less than in control wild-type reactions under nonpermissive conditions. This observation indicates that Mgm1 function is required on both mitochondrial partners to promote inner-membrane fusion ( Figure 5A ). To substantiate this conclusion, we made use of a previous observation that, when in combination, the two different mgm1 ts alleles mgm1-6, with a mutation in the GTPase domain, and mgm1-7, with a mutation in the GED, are able to partially compensate for one another and restore mitochondrial fusion activity in vivo, i.e., display intragenic complementation (Wong et al., 2003) . This observation suggests that, like other DRPs, Mgm1 self-interacts to perform its role in mitochondrial fusion (Wong et al., 2003) . Mitochondria were isolated from mgm1-6 and mgm1-7 strains, and heteroallelic reactions were tested in the in vitro fusion assay ( Figure 5B ). Significantly, we observed that the level of mitochondrial fusion in the heteroallelic combination of these alleles was greater than that observed in each homoallelic mutant reaction but less than wild-type levels ( Figure 5B ). This finding is consistent with in vivo observations, which indicate that intragenic complementation between these two mgm1 alleles was significant but not complete (Wong et al., 2003) . Consistently, as mitochondrial fusion levels increased in reactions containing this combination of mgm1 ts alleles, the levels of deformed intermediates decreased proportionately (data not shown). The allele-specific nature of this interallelic complementation further suggests that interactions between the opposing Mgm1 GTPase domain and Mgm1 GED are important for fusion. Consistent with this observation, we observed trans interallelic complementation in vitro in heteroallelic reactions containing mitochondria from a newly isolated GED ts mutant, mgm1-10(Y874N), and mitochondria from mgm1-6 cells ( Figure S2 ). In contrast, we observed no interallelic complementation in vitro in a heteroallelic reaction of mgm1-6 mitochondria with mitochondria isolated from cells harboring the GTPase ts mutation mgm1-5 (data not shown). Thus, these data support a model wherein Mgm1 promotes fusion by structurally specific trans Mgm1/Mgm1 interactions from opposing mitochondrial inner membranes. Interestingly, we also determined that the level of mitochondrial fusion in heteroallelic reactions with wild-type and mgm1-6/mgm1-7 on the same mitochondria was greater in comparison to that observed in each reaction containing heteroallelic reactions of mgm1-6/mgm1-6 or mgm1-7/mgm1-7 mitochondria (data not shown). Therefore, our data also suggest that cis interactions between Mgm1 proteins within the same inner membrane are also important for fusion.
Mgm1 Is Important for Inner-Membrane Tethering
To gain more insight into the functional relevance of Mgm1 interactions, we analyzed mgm1 ts multimatrix outer-membrane-fused structures that accumulate in vitro at the restrictive temperature (n > 350 mitochondria) by EM. Interestingly, we discovered additional allele-specific inner-membrane morphological defects in mgm1 ts mitochondria ( Figure 6 and Figure 7) . Specifically, in mgm1-5 and mgm1-8 outer-membrane-fused mitochondria, pairs of adjacent inner membranes from separate matrices were tightly aligned as well as tightly associated with the encircling outer membrane, similar to stage 1 outer-membrane-fused wild-type mitochondria ( Figure 6A ). From our in vivo analysis of mgm1-5 cells, these tightly adhered membranes likely represent inner-membrane tethering. In contrast, in mgm1-6 and (to a lesser extent) mgm1-7 outer-membrane-fused mitochondria, pairs of adjacent inner membranes from separate matrices were grossly dissociated but maintained a tight association with the encircling outer membrane ( Figure 6A ). Significantly, mgm1-6 and mgm1-7 mitochondria can partially compensate for their respective inner-membrane fusion defects when present in heteroallelic reactions in vitro, likely due to their ability to restore intermolecular Mgm1 interactions ( Figure 5B ). In addition, mgm1-10 mitochondria, which also show interallelic complementation with mgm1-6 mitochondria in heteroallelic fusion reactions in vitro, also display a significant loss in inner-membrane cohesion in outer-membrane-fused structures ( Figure 6A ). Interestingly, both mgm1-7 and mgm1-10 possess a mutation in the GED. Thus, our findings indicate that Mgm1 plays a role in tethering inner membranes prior to their fusion via Mgm1/Mgm1 trans interactions. An additional model that is not mutually exclusive is that Mgm1 may function in tethering by promoting the assembly of additional factors that also interact in trans.
Mgm1 Mediates Tethering and Fusion by Forming
Intermolecular trans Complexes Localized to Regions of Inner-Membrane Interfaces in Outer-Membrane-Fused Mitochondria A direct role in inner-membrane tethering and fusion predicts that Mgm1 is localized in wild-type outermembrane-fused intermediates at interfaces. To address this, we examined the localization of Mgm1 in fusion intermediates in vitro by fluorescence microscopy. We were unable to create a completely functional GFPtagged version of Mgm1; thus, we tagged Mgm1 at the C terminus with a relatively small tetracysteine motif (Mgm1TC), which was fully functional as assessed by its ability to complement mgm1 null cell phenotypes (data not shown).
We labeled mitochondria containing Mgm1TC with the nonfluorescent membrane-permeant biarsenical derivative of fluorescein, FlAsH. FlAsH binds with relatively high affinity to tetracysteine motifs and, upon binding, emits green light when excited (Andresen et al., 2004; Griffin et al., 1998) . In vitro, following the addition of FlAsH, subregions of green fluorescence were observed within mitochondria containing Mgm1TC and either m-dsRed or m-BFP (Figure 6Ba ). In contrast, virtually no green fluorescence was observed associated with mitochondria containing an untagged version of Mgm1 and either m-dsRed or m-BFP (Figure 6Bb) .
We characterized the behavior of Mgm1:FlAsH in stage 1 outer-membrane fusion intermediates and observed that it was localized to inner-membrane interfaces (Figure 6Ba ; 90% ± 1%, n = 785). Interestingly, we also observed that Mgm1TC: FlAsH did not localize along the entire innermembrane interface but instead was localized to subregions (Figure 6Ba ). In addition, in a significant fraction of outer-membrane-fused intermediates (48% ± 3%, n = 785), we observed Mgm1:FlAsH-labeled bridge-or filament-like structures connecting adjacent mitochondrial matrix compartments (Figure 6Ba ). One possibility is that these structures correspond to inner-membrane projections, suggesting that inner-membrane tubulation functions in membrane fusion. Consistent with this possibility, it was recently shown by indirect immunofluorescence of mouse COS-7 cells that transiently expressed mouse OPA1 localized to discrete subregions on mitochondria, similar to what we observed with Mgm1TC: FlAsH mitochondria in vitro, supporting the close structural and functional similarities of the yeast and mammalian orthologs (Misaka et al., 2006) .
Our genetic and cytological findings demonstrate that inner-membrane fusion requires Mgm1 on both mitochondrial partners and that Mgm1 is localized to regions of inner-membrane interfaces. These observations suggest the possibility that inner-membrane tethering and fusion are mediated by direct intermolecular Mgm1 trans interactions, which bridge inner membranes from adjacent matrices. To more directly test this model for Mgm1 function, we mixed mitochondria containing functional Mgm1HA with mitochondria containing functional Mgm1MYC and conducted immuno-EM localization and Mgm1 immunoprecipitation experiments under stage 1 conditions in which inner-membrane fusion is arrested.
In outer-membrane-fused mitochondria, 12 nm and 6 nm gold particles specific for MYC and HA epitopes, respectively, were colocalized at inner-membrane interfaces ( Figure 6C ). Interestingly, gold particles were not observed along the entire inner-membrane interface in outer-membrane-fused structures, suggesting that the Mgm1 protein is present at distinct foci and is not uniformly distributed along the inner-membrane interface, consistent with the observations from our fluorescence localization experiments ( Figures 6B and 6C) .
Using anti-HA antibodies, we also observed that, under stage 1 conditions, in which mitochondrial outer-membrane fusion intermediates accumulate, approximately 20% of the total long and short forms of Mgm1MYC were coimmunoprecipitated, indicating that Mgm1/Mgm1 trans complexes are formed and that both Mgm1 isoforms participate in these complexes ( Figure 6D ). The Mgm1MYC/ Mgm1HA coimmunoprecipitation was dependent on the presence of mitochondria containing Mgm1HA, indicating that it was specific (data not shown). In addition, we observed that the outer-membrane fusion GTPase Fzo1 also was coimmunoprecipitated with anti-HA antibodies from stage 1 mitochondria, consistent with previously published observations showing that Fzo1 and Mgm1 are present in a complex (Wong et al., 2003; Sesaki et al., 2003b) . In contrast, the outer mitochondrial protein Por1 was not observed in the immunoprecipitate, indicating that the precipitation was specific ( Figure 6D ). Taken together, our genetic, cytological, and biochemical data indicate that, following outer-membrane fusion, Mgm1 proteins on separate mitochondrial partners specifically interact in trans to promote inner-membrane tethering and fusion.
Mgm1 Is Required for Maintenance of Cristae
A number of studies have indicated that loss of Mgm1 or OPA1 function leads to aberrant mitochondrial innermembrane organization and suggest that Mgm1/OPA1 plays a role in the maintenance of cristae (Amutha et al., 2004; Cipolat et al., 2004; Frezza et al., 2006; Scorrano et al., 2002; Sesaki et al., 2003b) . In addition, Mgm1 has been localized by immuno-EM in yeast cells to crista structures (Wong et al., 2000) . Consistent with these observations, our in vitro EM analysis of Mgm1 localization also demonstrated that it is present at cristae ( Figure S3 ).
To more directly test whether Mgm1 plays a role in the maintenance of inner-membrane structure, we performed EM analysis and quantified cristae in mgm1 ts mitochondria at permissive and restrictive temperatures in vitro.
With two exceptions, mitochondria isolated from mgm1 ts strains possessed wild-type levels of normal crista structures in vitro. In marked contrast, mgm1-7 and mgm1-10 mitochondria demonstrated a significant reduction in observable normal cristae, specifically at nonpermissive temperature ( Figures 7A and 7B ). Consistent with a defect in inner-membrane organization, we also observed that mgm1-7 and mgm1-10 mitochondria were less spherical and more irregularly shaped than wild-type and other mgm1 mutant mitochondria (see Figure 3Bc and Figures  7Ad and 7Af) . The allele-specific nature of this phenotype suggests that cristae are highly dependent on Mgm1 GED function, further suggesting that Mgm1 self-assembly is mechanistically important for crista maintenance. These observations are consistent with recent findings indicating that the mammalian Mgm1 ortholog, OPA1, also functions in crista maintenance via intermolecular interactions (Frezza et al., 2006) .
DISCUSSION
Mgm1 Directly Functions to Promote Mitochondrial Inner-Membrane Tethering and Fusion
Our genetic and biochemical data indicate that Mgm1 directly functions to sequentially tether and fuse mitochondrial inner membranes during the process of mitochondrial fusion. A role for Mgm1 in inner-membrane tethering is illuminated specifically in vitro by the mgm1 ts alleles mgm1-6, mgm1-7, and mgm1-10, which selectively cause a loss of inner-membrane interface cohesion in outer-membranefused intermediates. In addition, in vivo time-lapse analysis of mitochondria in mgm1 ts cells by EM reveals that mitochondrial tethering occurs prior to fusion (Figure 4) . The mgm1 ts alleles that exhibit wild-type inner-membrane tethering are still blocked for inner-membrane fusion. Thus, Mgm1 is also required posttethering to promote inner-membrane fusion.
Mgm1 Self-Assembly Is Critical for Tethering and Fusion
Our data also address the molecular mechanism underlying Mgm1 functions in mitochondrial inner-membrane tethering and fusion. Our genetic, cytological, and biochemical analyses indicate that direct intermolecular Mgm1 trans interactions anchor inner membranes together in order to bring them into close proximity for fusion. Thus, Mgm1/Mgm1 trans interactions may function in a manner similar to the action of trans SNARE complexes in secretory-pathway membrane fusion events.
The mgm1 allele-specific defects observed for innermembrane tethering further suggest that the GTPase domain and GED are structurally important for the formation of an Mgm1/Mgm1 trans complex. In addition, when the specific combinations of these same tethering-deficient GTPase and GED mutant mitochondria are present in heteroallelic reactions, interallelic complementation is observed in vitro. In other DRPs, the GED mediates self-assembly via intermolecular interactions with adjacent GEDs and via both intra-and intermolecular interactions with the GTPase domain (Muhlberg et al., 1997; Smirnova et al., 1999) . Thus, a plausible explanation for the observed interallelic complementation and tethering phenotypes of these specific mutants is that they are each distinctly deficient in their ability to form intermolecular complexes, which results in their inability to tether inner membranes. When present together in trans, they restore the ability to self-interact by contributing a wild-type GED, in the case of mgm1-6, and a wild-type GTPase domain, in the case of mgm1-7 and mgm1-10, to the intermolecular Mgm1 complex.
We also observed that the mgm1-6 and mgm1-7 alleles could complement each other for inner-membrane fusion when present in cis, indicating that Mgm1/Mgm1 interactions within the same inner-membrane bilayer are also important to promote fusion. This finding raises the intriguing possibility that Mgm1-driven inner-membrane tubulation may promote fusion. Mgm1-mediated inner-membrane tubulation would produce membrane curvature, which, in turn, would promote adjacent inner-membrane lipid mixing and fusion. Consistent with this possibility, our fluorescence localization studies of Mgm1 indicate that it is associated with small regions of inner membranes at inner-membrane interfaces.
Mgm1 Self-Assembly Is Also Important for Crista Maintenance Immuno-EM analysis in vivo and in vitro indicates that Mgm1 is localized to cristae (Wong et al., 2000 and Figure S3 ). This and our observation that crista structures decrease under nonpermissive conditions in Mgm1 GED mutant mitochondria suggest that Mgm1 plays the additional role in inner-membrane dynamics of maintaining cristae. These data are in agreement with recent observations indicating that the mammalian Mgm1 ortholog, OPA1, controls crista maintenance via oligomeric self-interactions (Frezza et al., 2006) . Interestingly, OPA1's role in crista regulation does not appear to require ongoing mitochondrial fusion (Frezza et al., 2006) . However, the extent to which the inner-membrane fusion and crista maintenance functions of Mgm1 overlap remains to be determined. One simple model that would account for these dual roles is that trans Mgm1/Mgm1 interactions form at all regions of adjacent inner membranes, which include cristae and inner-membrane interfaces, and these interactions serve to tether inner membranes together. During fusion, however, an upstream Fzo1-dependent outermembrane fusion event might transmit a signal to Mgm1 present in the inner membrane, which would differentially activate Mgm1 at interfaces to reorganize and perform additional membrane fusion functions. It is possible that activation would selectively enhance cis Mgm1/Mgm1 selfassembly, which may be more critical for inner-membrane fusion, perhaps via its unique ability to promote membrane tubulation.
Interestingly, it has also been reported that the yeast DRP Vps1 plays a role in vacuolar membrane fusion (Peters et al., 2004) . In vacuolar fusion, it has been postulated that disassembly of Vps1 brings t-SNAREs into closer apposition to promote vesicle fusion (Peters et al., 2004) . This raises the possibility that Mgm1 assembly is required for inner-membrane tethering and that subsequent alterations in the assembly state of Mgm1 may similarly alter additional factors to promote fusion and/or crista formation.
Coordination of Mitochondrial Innerand Outer-Membrane Fusion
In vivo studies indicate that mitochondrial outer-and innermembrane fusion are temporally linked. Our analysis in vitro, however, demonstrates that distinct and separate fusion machines exist in each membrane. Our data clearly indicate that the DRP Mgm1 is an essential component of the inner-membrane fusion machine. In contrast, we have previously shown that the DRP Fzo1 is required for outermembrane fusion (Meeusen et al., 2004) . These findings raise the question of how mitochondrial outer and inner membranes are coordinately fused. Interestingly, in vivo, loss of function of the inner-membrane fusion machine ultimately results in mitochondrial fragmentation, suggesting that mitochondrial outer-membrane fusion is also attenuated. One possible explanation is that outer-membrane fusion in mgm1 mutants is blocked because of the accumulation of aberrant inner-membrane structures and/or because a population of matrices have no access to mtDNA. These conditions would likely cause the mitochondrial electrochemical gradient to dissipate, which, in vitro, has been shown to be required for outer-membrane fusion. Alternatively, Mgm1 may directly and negatively feed back on the outer-membrane fusion machine via its interaction with the outer-membrane fusion machinery.
The Role of Mitochondrial Fusion in Human Neurodegenerative Diseases
In human cells, mutations in the human orthologs of the fusion DRPs Mfn2 (Fzo1) and OPA1 (Mgm1) attenuate mitochondrial fusion and can cause, respectively, two distinct neurodegenerative diseases: CMT2A, which primarily affects peripheral neurons, and DOA, which primarily affects retinal ganglion cells (Alexander et al., 2000; Chan, 2006; Delettre et al., 2000; Zuchner et al., 2004) . Given the functional and structural conservation of these human proteins to their yeast orthologs, our analysis indicates that the primary roles of Mfn2 and OPA1 are to specifically mediate mitochondrial outer-membrane fusion and inner-membrane fusion and crista maintenance. Thus, our observation that Fzo1 and Mgm1 mutants cause distinct mitochondrial morphological defects in yeast cells may provide insight into why two different types of neurodegenerative diseases are caused by mutations in Mfn2 and OPA1.
It is also clear, however, that mutations in Fzo1 and Mgm1 both ultimately cause mitochondrial fragmentation, the loss of mitochondrial membrane potential, and mtDNA loss in yeast cells, raising the possibility that these diseases at least in part share a common cause. Consistent with this idea are recent data indicating that mutations in Mfn2 cause dominant optic atrophy, which also demonstrate that Mfn2 and OPA1 functionally overlap, as expected given their essential roles in the mitochondrial fusion pathway (Zuchner et al., 2006) . In addition, it has recently been shown that, when mitochondrial fusion is attenuated by loss of Mfn1/2 or OPA1 function, cells in culture either spontaneously undergo apoptosis or become more sensitive to apoptotic stimuli (Lee et al., 2004; Olichon et al., 2003) . This observation raises the possibility that these diseases may be caused by inappropriate and premature cell death. Indeed, recent evidence suggests that the cellular housekeeping role of antiapoptotic Bcl2 family members is to regulate mitochondrial dynamics (Estaquier and Arnoult, 2006) .
Another possible common cellular defect caused by deficient mitochondrial fusion in humans is the loss of membrane potential and mtDNA, which encodes essential components of respiratory-chain complexes. Support for this idea comes from an analysis of Mfn2 À/À and/or Mfn1 À/À mouse embryonic fibroblast cells, which demonstrates that a population of membrane-potential-deficient mitochondria accumulates within these cells (Chen et al., 2005) . Mutant mitochondria may lack mtDNA because they are unable to acquire it via fusion and as a result lose membrane potential. Alternatively, membrane potential may be affected more directly by mitochondrial fusion deficiencies. Nevertheless, consistent with this disease model, other forms of hereditary optic atrophy, such as Leber's hereditary optic neuropathy, are caused by mutations in mitochondria-encoded respiratory-chain components (Newman, 2005) . Determination of the extent to which each of these fusion-associated phenotypes contributes to neurodegeneration will ultimately rely on the complete mechanistic understanding of mitochondrial fusion and the physiological roles played by this process and fusion components in cells and organisms.
EXPERIMENTAL PROCEDURES
Preparation of Fusion-Competent Mitochondria and In Vitro Mitochondrial Fusion
Enriched yeast mitochondria were prepared from wild-type and mgm1 ts yeast strains as in Meeusen et al. (2004) , except that cell growth and subfractionation were conducted at 23 C. Inner-and outer-membrane fusion assays were conducted as described in Meeusen et al. (2004) . Each experiment was performed at least twice and >500 mitochondria were analyzed for each experimental condition. Labeled mitochondria as indicated in the legends were used in mitochondrial fusion reactions as in Meeusen et al. (2004) , except that after resuspension of stage 1 0 mitochondrial pellets, stage 1 or stage 2 reactions were conducted at 23 C and 37 C.
Generation and Characterization of mgm1-10
The mgm1-10 mutant was generated by mutagenic PCR of nucleotides 1365-3709, which encode the predicted Mgm1 GED region, and homologous integration into haploid W303 cells as described (Naylor et al., 2006) . mgm1-10 cells were identified by screening for a temperature-sensitive growth defect on nonfermentable YP glycerol media, and the mutation was identified by sequencing PCR products from mgm1-10 genomic DNA as described (Wong et al., 2003) . Characterization of mitochondrial morphology in mgm1-10 cells indicated that, under nonpermissive conditions, mitochondrial fusion is attenuated. Specifically, mitochondrial tubules fragmented in mgm1-10 cells due to mitochondrial division within 20 min of shifting to 37 C (data not shown).
Analysis of Fusion Intermediates by Electron Microscopy
Stage 1 and 2 fusion reactions were analyzed using conventional EM as described by Meeusen et al. (2004) , and >240 mitochondria were analyzed for each experimental condition. Analysis of Mgm1 localization in arrested fusion intermediates was conducted on mixtures of mitochondria isolated from strains expressing either Mgm1HA (3XHA) or Mgm1MYC (9XMYC), constructed as described in McQuibban et al. (2003) and subjected to stage 1 conditions as described in Meeusen et al. (2004) . Phenotypic EM analyses of mitochondria in mgm1-5 and wild-type cells in vivo were conducted as previously described in Wong et al. (2000) . Wild-type and mgm1-5 strains were shifted to the restrictive temperature, fixed, and processed into Epon, and images obtained from thin sections were analyzed.
Immunoprecipitation of Crosslinked Mitochondrial Proteins
Mitochondria (100 mg) isolated from a W303 strain expressing Mgm1MYC were mixed with mitochondria isolated from a strain expressing Mgm1HA and were subjected to stage 1 conditions. To crosslink associated proteins, freshly prepared DSP (Pierce Biotechnology, Rockford, IL, USA) was added to a final concentration of 1 mM and incubated at 0 C for 1 hr. Crosslinker was quenched by the addition of 100 mM glycine (pH 8.0), and total protein was precipitated using trichloroacetic acid at a final concentration of 10% w/v. Total protein precipitate was collected by centrifugation at 13000 3 g for 10 min and solubilized with 300 ml of MURB (100 mM MES [pH 7.0], 1% SDS, 3 M urea) at 65 C for 5 min. One hundred microliters of solubilized protein was diluted into 900 ml TWIP (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.5% Tween 20, 0.1% EDTA) and centrifuged at 13000 3 g for 10 min. The supernatant fraction was incubated with 10 ml mouse monoclonal anti-HA antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 hr at 4 C and mixed with 75 ml TWIP-equilibrated protein A agarose beads (Santa Cruz Biotechnology) for 1 hr at 4 C. Beads were then washed three times in 1 ml TWIP, and protein was eluted in 100 ml MURB with 5% 2-b-mercaptoethanol to reduce crosslinks. One percent of depleted supernatant and 20% of eluate were analyzed by SDS-PAGE and western blotting with polyclonal a-MYC (Covance, Berkeley, CA, USA), monoclonal a-HA, and polyclonal a-Fzo1 (raised against the GTPase domain of Fzo1 as described in Hermann et al., [1998] ) at a titer of 1:1,000 and monoclonal a-porin (Invitrogen, Carlsbad, CA, USA) at a titer of 1:10,000.
FlAsH Labeling of Tetracysteine Mgm1 in Isolated Mitochondria
Using homologous recombination of an integrating cassette (kindly provided by Stefan Jakobs, University of Kö ln), DNA encoding four cysteine residues was integrated into the yeast chromosome at the C terminus of Mgm1, creating strain JNY1089 as described (Andresen et al., 2004) . Mgm1-tetracysteine (Mgm1TC) mitochondria expressing m-dsRed were mixed in equal amounts with mitochondria expressing m-BFP at a final concentration of 0.25 mg/ml with 50 mM EDT (1,2-ethanedithiol; Fluka, Steinheim, Germany) in NMIB (20 mM HEPES [pH 7.4], 100 mM KOAc, 5 mM MgCl 2 , 50 mM KCl, 0.6 M sorbitol). TC-FlAsH (Invitrogen, Carlsbad, CA, USA) was added to the mitochondria at a final concentration of 5 nM and incubated for 5 min at 23 C.
Reactions containing Mgm1 mitochondria were labeled in parallel as negative controls under identical conditions. Following labeling, the mitochondria were centrifuged for 10 min at 10,000 3 g and washed with 1 ml of NMIB to remove unbound TC-FlAsH. The mitochondria were then subjected to stage 1 conditions for 1 hr. Following fusion, the mitochondria were washed once with 50 mM EDT in NMIB and once with NMIB before imaging.
Supplemental Data
Supplemental Data include three figures and three tables and can be found with this article online at http://www.cell.com/cgi/content/full/ 127/2/383/DC1/.
